1. Introduction {#sec1}
===============

A rapid increase in the incidence and prevalence of chronic heart failure (HF) has been observed in the 21st century. Despite the availability of efficient methods of HF management and improved prognosis, the quality of life of patients with this condition is still poor. This results from the necessity of frequent hospitalizations due to an exacerbation or natural progression of this condition. The progressive deterioration of the psychophysical condition of patients with HF constitutes not only a clinical but also a predominantly social problem \[[@B1]--[@B3]\].

It is both the sudden and the gradual exacerbation of the clinical signs that lead to acute heart failure (AHF), which is an essential component of the natural history of HF.

AHF affects about 2% of the European population and is still related to high mortality and high rehospitalization rates \[[@B1]\]. Multiple organ damage due to congestion and/or peripheral hypoperfusion is a common condition in the prevalence of AHF and is associated with increased mortality \[[@B4], [@B5]\]. Despite progress in modern medicine and the availability of novel diagnostic methods, the pathophysiology of AHF is still not completely understood. This results from the complexity of its etiology, heterogeneity of clinical presentation, and complex interactions between hemodynamic and neurohormonal disorders \[[@B1], [@B2], [@B4], [@B5]\]. Although there is a growing body of data on acute renal or myocardial injury \[[@B4]--[@B8]\], still very little is known about the AHF-related damage to other organs and tissues (e.g., the skeletal muscles).

The role of skeletal muscle abnormalities was frequently emphasized in the context of the complex pathophysiology of chronic HF. According to the "muscle hypothesis," the predominant and clinically important sign of HF, that is, intolerance to physical exercise, is associated with functional and structural disorders of the skeletal muscles to a large extent \[[@B9], [@B10]\]. A reduction of muscle mass and muscular strength is a common phenomenon in patients with chronic HF \[[@B11], [@B12]\]. This is consistent with changes observed at a cellular level, that is, lower number and volume of mitochondria and mitochondrial crests, reduced level of glycogen, lower number and activity of oxidative and glycolytic enzymes, Krebs cycle disorders, enhanced degradation of phosphocreatine, and decreased pH. As a result of the phenomena mentioned above, the metabolism of patients with HF is mostly anaerobic, which leads to the earlier acidification of the muscles leading to their easier fatigability \[[@B13]--[@B16]\]. The increased activity of muscular ergoreceptors stimulates excessive ventilation, activation of the sympathetic system, and an increase in systemic vascular resistance \[[@B12], [@B17]\].

As part of this project, we are going to comprehensively examine whether AHF is associated with the injury of myocytes and with the significant functional impairment of skeletal muscles.

The normal work of skeletal muscles, that is, maintenance of muscle proper strength and endurance, is vital for the performance of activities of independent daily living. Moreover, any functional disorder, for example, of the respiratory muscles, can interfere with therapeutic processes. Finally, increased muscular fatigability limits independent functioning and leads to disability \[[@B18], [@B19]\].

AHF is a highly complex clinical syndrome. Hemodynamic disorders lead to the impaired perfusion of the heart, kidneys, liver, and central nervous system. These phenomena are consistent with a concept of "end-stage organ damage" according to which AHF constitutes a form of multiple organ failure \[[@B4], [@B20]\]. Noticeably, the role of skeletal muscle dysfunction has not been analyzed in this context to date.

Skeletal muscles constitute a considerable percentage of the total mass of the human body; therefore, their injury can manifest in altered levels of specific cellular injury markers or tissue hypoxia. A comprehensive analysis of the AHF-induced changes taking place at functional, tissue, and molecular levels will be important for clinical practice, diagnosis, and the targeted treatment of peripheral dysfunctions associated with AHF.

Assuming that AHF is associated with impaired perfusion and hypoxia of the muscle tissue, we postulate that AHF can lead to injury or necrosis of the myocytes and dysfunction of skeletal muscles as a result. Consequently, apart from the standard clinical evaluation of AHF, we are going to examine the processes taking place in skeletal muscles during the acute phase of the condition and 30 days following the stabilization of clinical status.

The function of skeletal muscles in patients who underwent cardiac rehabilitation during the acute phase has not been examined so far. This is especially challenging due to the highly complex clinical status of AHF patients. Knowledge of the function of skeletal muscles and their potential abnormalities is vitally important for physiotherapists, who work with clinically demanding AHF patients, being exposed to extremely high risks of clinical deterioration (including the risk of the death of the patient).

The proper use of various methods and forms of physical exercises can minimize the negative consequences of exacerbation, namely, limited mobility and decreased physical capacity, as well as decreased physical fitness. This may allow restoration of the functional capacity of patients \[[@B21]--[@B25]\].

This project will analyze the effects of rehabilitation on widely understood hemodynamic parameters.

Physical training constitutes part of the multidisciplinary management of HF \[[@B26]--[@B28]\]. Regular aerobic exercise is recommended for stable HF patients to improve their functional capacity and reduce the risks of HF-related hospitalization, in accordance with class A recommendations of the European Society of Cardiology (ESC) \[[@B1]\].

Experts point out the need for early patient activation after the episode of AHF decompensation, which may prevent disability \[[@B26]\]. The current researches concerning physical rehabilitation during hospitalization and early rehabilitation following discharge are not well represented in the literature.

Therefore, the role of cardiac rehabilitation during episodes of acute decompensated HF has been identified as a "critical evidence gap" and additional research on developing specific cardiac rehabilitation programs should be a priority \[[@B29]\].

Thus, the aim of this project is to comprehensively evaluate the skeletal muscles (at a functional and tissue level) and to evaluate the effects and safety of early rehabilitation programs in acute decompensated HF.

We developed this project in order to verify the following hypotheses:Impaired perfusion of the muscles is reflected by their injury and significant functional abnormalities.Early implementation of motor rehabilitation improves the perfusion and function of skeletal muscles.

*Research Questions* Is AHF associated with impaired perfusion of skeletal muscles?Is AHF associated with injury and dysfunction of skeletal muscles?Is the proposed exercise protocol safe and does it exert a positive effect on the oxygenation and functioning of skeletal muscles?How does the rehabilitation influence hemodynamic parameters such as cardiac output, stroke volume, arterial pressure, and systemic vascular resistance?

2. Study Sample {#sec2}
===============

The study will include patients with AHF (defined according to the ESC criteria \[[@B1]\]) hospitalized at the Center for Heart Disease, 4th Military Hospital of Wrocław, and diagnosed with chronic systolic heart failure at least 6 months prior to admission.

Exclusion criteria comprise acute coronary syndrome, bacterial infection confirmed on the basis of clinical and laboratory criteria, preexisting chronic respiratory failure, necessity of mechanical ventilation, significant arrhythmia and conductivity disorders, anemia (hemoglobin \< 9 g%), active neoplastic process, liver injury (AST, ALT \> 3x reference level), and chronic kidney failure with creatinine clearance \< 30 ml/min.

Patients whose functional or cognitive status or age will not allow performing the movement tasks will be excluded from the research project (e.g., hemiplegia, Alzheimer\'s disease, or depression).

Patients enrolled in the study will be randomized in a 2 : 1 ratio to the rehabilitation and control groups. We plan to enrol ≥63 patients, including ≥42 subjects in the rehabilitation group and ≥21 in the control group.

All study participants will provide informed written consent.

This study has been registered with Clinicaltrials.gov.

The research will be carried out as part of the Sonata 6 UMO-2013/11/D/NZ7/00922 research grant awarded by the National Science Centre.

3. Methods {#sec3}
==========

The research will be performed at three time points: at admission, at discharge, and 30 days after the discharge. The study protocol is presented in [Table 1](#tab1){ref-type="table"}.Clinical evaluation: interview related to the whole medical history, physical examination including transthoracic echocardiography with an evaluation of the left ventricular ejection fraction, and laboratory indices of neurohormonal activation (NT-proBNP), inflammation (ESR, hsCRP), laboratory parameters reflecting the presence of selected HF comorbidities (urea, creatinine, uric acid, GGPT, AST, ALT bilirubin, proteins, albumins, TSH, fT4, and fT3,), lipid profile, and laboratory markers of hematological status (RBC, WBC, platelets, hemoglobin, hematocrit, MCV, MCH, MCHC, and RDW) \[[@B30]\].Hemodynamic evaluation: transthoracic impedance cardiography (ICG), which is a safe, noninvasive diagnostic technique. By detecting and measuring the change of thoracic impedance over time, ICG measures hemodynamic parameters that could be applied for the diagnostics and monitoring of HF. The principle of the transthoracic bioimpedance use: the direct measurement of the baseline impedance, the velocity index, the acceleration index, the ventricular ejection time and the heart rate, and the early diastolic filling ratio. These parameters are used to compute the systolic volume, the cardiac output, and several other hemodynamic parameters. The system can be used at rest or while exercising \[[@B31]--[@B34]\].Evaluation of muscular function by means of surface electromyography (sEMG); this is a noninvasive method, which uses electrodes placed on the skin alongside the running of muscle fibers to register electric processes (myopotentials) taking place in a working muscle. EMG signaling can be used to analyze the characteristics of muscle contraction, muscular coordination, recruitment, and frequency of motor unit activation. By analyzing the EMG parameters, that is, the frequency and amplitude of functional potentials, one can verify whether a given muscle is active and how its activation changes over time and can determine the maximum tonus of the muscle and its fatigability. Continuous monitoring of local muscle fatigue during performance is possible by measuring the myoelectric activity of muscles during isometric contraction as well as during dynamic work. One of the most often analyzed parameters of sEMG is the change of the mean and median frequency of the signal power spectrum and the change of amplitude (RMS, root mean square). Contraction-related muscular fatigability manifests as the shift in the frequency of the entire spectrum of power toward lower values, with a simultaneous increase in the amplitude \[[@B35]--[@B37]\]. In this project, we will analyze the fatigability of the vastus lateralis (VL), the vastus medialis (VM), and the rectus femoris (RF) muscles during isometric and dynamic work. Moreover, functional fitness will be assessed. The following tests will be conducted at discharge from the hospital and 30 days thereafter: 2-minute step test, determining the number of steps performed within two minutes; 30-second "chair stand" test, examining muscular endurance of the lower body (pertaining to the patient repeatedly getting up from a chair over a period of 30 seconds); "up and go," determining power, speed, agility, and dynamic balance (involves getting out of a chair, walking 2,44 m around a pole, and returning); and handgrip test, examining isometric strength \[[@B38], [@B39]\].Evaluation of muscle tissue perfusion (examined indirectly on the basis of oxygenation level): local tissue oximetry, also referred to as near-infrared spectroscopy (NIRS), will be used. This is a noninvasive method of direct continuous recording of perfusion in peripheral tissues. NIRS is based on the absorption of near-infrared photons by the so-called chromophores (e.g., hemoglobin). The degree of hemoglobin oxygenation is reflected by the amount of light absorbed by this molecule. Differences in the intensity of NIR waves absorbed by oxygenated and reduced hemoglobin are analyzed using algorithms based on the Lambert-Beer law. The measurements are taken by photosensors which can be easily placed on the skin. The NIR light emitted by the sensor\'s diode penetrates locally into the tissues underneath, and the level of hemoglobin in the microcirculation is determined by two detectors \[[@B40]--[@B42]\].

The evaluation of muscle tissue perfusion and muscle function will be assessed during 2 exercise/motor tasks: isometric and dynamic.

Before each motor task, 5-minute recording of the resting parameters will be carried out, followed by a 15-minute measurement after the task, during a recovery period.

The patient is informed that the exerted effort should be from a slight to a moderate level (\<3) on Borg\'s Perceived Exertion Scale (0--10). All tests/exercises are conducted in the patient\'s hospital bed in their room.

Isometric exercise is performed in a semiseated position. This position is the most comfortable for patients with AHF.

The patient will perform two repetitions of maximal isometric contractions of the quadriceps thigh muscle, maximal voluntary contractions (MVC); then, after 2 minutes of rest, the patient will begin the exercise consisting of 1-2 seconds of contractions of the quadriceps thigh muscle with 50% MVC, followed by relaxation lasting two seconds. The subject will perform 45 repetitions of isometric contractions, followed by the MVC again.

Dynamic exercise is performed in a semiseated position. This position is the most comfortable for patients with AHF.

The examined lower limb will be bent at the knee joint at an angle of 45%, with the thigh resting against a wedge and heel resting on the bed. The patient\'s task is to extend the limb in the knee joint (raising the heel upwards). The patient will practice this for 90 seconds at a pace of 1 s : 1 s (extension : contraction, i.e., tensing/relaxing).

In addition to continuous and ongoing monitoring and recording of stroke volume (SV), heart rate (HR), cardiac output (CO), systematic vascular resistance (SVR), saturation, respiration rate, and muscular tissue oxygenation, the blood pressure value and subjective assessment of the difficulty of the exerted effort will be recorded after each task.

The physiotherapist will confirm that the patient is breathing rhythmically during the exercise, does not tense his/her whole body, and has complete muscle relaxation during the relaxation phase.

*Evaluation of the Myocyte Injury Markers.* Although the immunochemical determination of enzymatic isoforms specific to various tissues is out of the scope of classic diagnostic methods, it allows the origin of these isoforms to be identified, especially those derived from the skeletal muscles and the myocardium. Therefore, the following parameters will be determined in serum by means of ELISA:

\(1\) Creatine kinase (CK), namely, its muscular isozyme, CKMM \[[@B43]\]

\(2\) Lactate dehydrogenase 5 (LDH5) \[[@B44]\]

\(3\) Myoglobin

\(4\) Carbonic anhydrase III \[[@B45]\]

The muscular levels of carbonic anhydrase III and myoglobin will be expressed as the ratio of these two parameters as this characterizes skeletal muscles more accurately and makes it possible to distinguish between myoglobin of muscular origin and myoglobin of myocardial origin.

In the rehabilitation group, the therapeutic process will include cardiac rehabilitation according to the protocol used routinely at the Center for Heart Disease, 4th Military Hospital of Wrocław, while standard pharmacotherapy will be administered only in the control group.

The rehabilitation protocol, adjusted to clinical status, individual needs, and physical capabilities of the patient, consists of varying levels of exercise intensity. Once the stabilization of clinical status is achieved and absolute physical exercise contraindications are excluded, usually on the 2nd or 3rd day of hospitalization, cardiac rehabilitation will be prescribed by the physician in charge. The rehabilitation will be continued throughout the whole hospital stay.

The physical therapist will plan the individualized program of cardiac rehabilitation intended to minimize adverse outcomes of decompensation and physical deconditioning, helping the patient to achieve functional self-sufficiency.

Each rehabilitation session is conducted with supervision and monitoring of the following hemodynamic parameters: blood pressure (BP), heart rate (HR), oximetry, and frequency of breath.

The rehabilitation protocol comprises the following:Respiratory exercisesSimple movement and activation of small muscles of lower and upper extremities alone and in combinationAssisted exercises (with the help of a physiotherapist), if necessaryShort-term isometric exercisesActive dynamic exercisesFlexibility exercisesStrengthening exercises focused on the lower extremities using the patient\'s body weight as resistance \[[@B46]\]

The physical rehabilitation program will be conducted with very low intensity, short duration, and a properly adjusted recovery phase; it will be performed in a lying, sitting, or standing position.

The rehabilitation sessions will initially be conducted 2-3 times per day for 10 minutes at a time. As the patient\'s clinical condition and well-being improve, in the following days, the duration of rehabilitation will be extended to 20--25 minutes twice a day.

4. Discussion {#sec4}
=============

The hemodynamic disorders observed in AHF are characterized by severe hemodynamic and neurohormonal abnormalities, including pulmonary and systemic congestion due to the elevated filling pressures, peripheral hypoperfusion due to decreased cardiac output, and vasoconstriction-related increase in systemic vascular resistance \[[@B4], [@B6]\]. Both venous congestion and peripheral hypoperfusion can lead to organ injury, dysfunction, and failure. They activate inflammatory, neurohormonal, and oxidative stress mechanisms, which cause endothelial dysfunction, ischemia, fibrosis, and cell death due to apoptosis or necrosis in multiple tissues and organs \[[@B6], [@B20]\]. Inadequate tissue perfusion itself results in local hypoxia and impaired aerobic metabolism, leading to decreased energy production and finally cell injury and death \[[@B4], [@B47]\].

Therefore, the episode of AHF can bring about multiple organ failures and involve skeletal muscles as well. This is of vital importance because respiratory muscles may become affected as well; their involvement enhances the preexisting imbalance between the perfusion of muscle tissue and the oxygen demand of myocytes, resulting from hypoxia and reflex stimulation of the respiratory drive.

\(1\) The primary aim of this study is to comprehensively evaluate the skeletal muscles (at a functional and tissue level) during ADHF.

By examining the myocyte injury markers, muscle perfusion, and oxygenation, the aim is to determine whether ADHF causes damage to the skeletal muscles.

Although biomarkers used in everyday practice reflect a degree of injury in various organs (e.g., kidneys and liver) \[[@B8], [@B30]\], most of them are not specific and thus their presence (e.g., creatine kinase, lactate dehydrogenase, and myoglobin) can correspond to the injury of skeletal muscles as well \[[@B43]--[@B45]\]. This is even more likely, as skeletal muscles constitute a considerable percentage of the total mass of the human body; therefore, even a slight muscular injury can modulate the concentrations of these biomarkers. Consequently, we are going to determine the levels of biomarkers reflecting the degree of cell necrosis and failure of various organs in order to assess the severity of skeletal muscle injury.

Taking into account the skeletal myopathy in patients with stable CHF \[[@B21], [@B22]\], it can be assumed that immobilization in the acute phase of the disease and limited mobility during hospitalization result in a continued decline in muscle dysfunction.

As a consequence, the cascade of these adverse ADHD factors can drastically increase the risk of functional impairment or even disability.

This is why we want to observe whether muscles constitute part of the multiple organ dysfunction during ADHF.

The majority of patients with HF are elderly and have multiple comorbidities \[[@B48]\]. Frailty is common, being seen in more than 50% of ADHF patients \[[@B49]\].

Frailty and comorbidities that exist together contribute to disabilities, frequent rehospitalizations, and poor prognosis \[[@B50], [@B51]\].

Additionally, we want to evaluate whether there is a relationship between CO and SVR and the parameters determining skeletal muscles.

\(2\) The second aim of this project is to assess the changes in these parameters obtained in three studies, at admission, at discharge, and 30 days after the discharge.

Skeletal muscles play an important role in many HF-associated pathologies, as their normal function determines the physical fitness and capability of the patients and underlies the feeling of independence in everyday life \[[@B21]\].

Earlier studies showed that a patient\'s decreased physical functioning is linked with a greater risk of rehospitalization \[[@B52], [@B53]\].

Moreover, a considerable decrease in the functional performance can be long-lasting, while recovery to functional self-sufficiency may be difficult to achieve or even impossible \[[@B54]\]. Therefore, in addition, we would like to evaluate the elements of functional capacity (mobility, strength, and endurance) at discharge and during recovery and clinical stabilization, which accounts for a period of 30 days after discharge.

Evaluation of the skeletal muscles will be performed on the background of clinical status in the acute phase, at discharge and 30 days after discharge.

\(3\) Another aim of the study is to assess the influence of 3 different types of physical exercises on muscle tissue perfusion, muscle fatigue, and vital/hemodynamic parameters (SV, CO, SVR, HR, BP, respiratory rate, and saturation).

We have selected exercises based on simple movements, which should be sufficiently safe to be applied in the first physiotherapeutic procedures/tasks at the beginning of rehabilitation. The purpose of these exercises is to prevent the negative effects of immobilization and the potential adverse effects of hypoperfusion and hypovolemia on the skeletal muscles.

Assisted and dynamic exercises as well as quadriceps muscle isometric contractions that are short in duration are proposed during the early rehabilitation of ADHF patients \[[@B55]\]. Moreover, they provide the basis for further modifications, extensions, and intensification of the rehabilitation program.

Because of the specificity of the disease, it is not possible to use a typical protocol to evaluate muscle fatigue that involves constantly maintained isometric tension in ADHF patients. In this test, the electromyographic (EMG) activity of the quadriceps muscle is registered during the isometric knee extension at 60% of the MVC until exhaustion is reached \[[@B56]\].

The dynamic exercise was also planned (the selection of patient position and muscle group exercised, range of motion in a lying position with bed headboard raised, and dynamic knee extension in the knee joint in an incomplete range of movement) in order to minimize the effort that the patient must exert to do the exercise on the one hand and to stimulate muscle flow/activate the patient on the other hand.

The next goal of our research is to assess the safety and impact of early in-hospital rehabilitation on hemodynamic parameters and the functional capacity of patients hospitalized due to AHF. Nowadays, increasing attention is being paid to the negative effects of hospitalization in elderly patients with chronic diseases. One of these is the low level of patient mobility and level of bed rest required (20% of patients do not move out of bed and 30% only walk or move about their room). In addition to the consequences associated with the acute phase of the disease and psychological stress, the in-hospital negative functional decline affects the health and psychophysical well-being of patients in early convalescence, leading to the so-called posthospital syndrome \[[@B57], [@B58]\].

Physical impairments that accompany CHF significantly worsen with decompensation. Furthermore, they are increased due to the prolonged immobility associated with the hospital environment, subsequently resulting in significant impairments in physical function. Acute immobility results in a decrease in existing functional capacity \[[@B29]\].

Therefore, the rehabilitation program should be implemented as soon as possible after achieving clinical stabilization \[[@B26]\]. Scientific reports on exercise interventions during acute decompensation in heart failure are very limited. The first publications appeared a few years ago, which demonstrated the safety and efficacy of cardiac rehabilitation in patients hospitalized due to AHF \[[@B58], [@B59]\].

The subsequent projects presented multidomain programs for early posthospital rehabilitation after AHF and its benefits. The important role of rehabilitation in the care of elderly patients with frailties and comorbidities during and after the AHF episode was emphasized.

In the Polish recommendations, a model for implementing comprehensive cardiac rehabilitation of patients with AHF was created and proposed. The rehabilitation program proposed here is in line with the above-mentioned recommendations \[[@B46]\]. Its purpose is the safe, supervised, and monitored mobilization/rehabilitation of the patient, minimizing the negative effects of HF decompensation and hospitalization, and maintaining or restoring the functional self-sufficiency of the patient \[[@B23]--[@B25]\].

Comprehensive interdisciplinary studies of the peripheral pathomechanisms activated in the skeletal muscles of patients with AHF seem crucial, at least in the context of developing targeted therapeutic strategies.
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###### 

Protocol of the study.

  Methods of evaluation             1st day of hospitalization   1st-2nd days of hospitalization   Last day of hospitalization, discharge from hospital   30 days after discharge
  --------------------------------- ---------------------------- --------------------------------- ------------------------------------------------------ -------------------------
  Clinical examination              **+**                                                          **+**                                                  **+**
  Hemodynamic assessment                                         **+**                             **+**                                                  **+**
  Examination of muscle function                                 **+**                             **+**                                                  **+**
  Examination of tissue perfusion                                **+**                             **+**                                                  **+**
  Markers of muscular injury        **+**                                                          **+**                                                  **+**
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